Different electrodes and stimulus protocols commonly used for electroretinography in rodent eyes were compared for convenience of use, degree of damage to corneal epithelium, and for magnitude of amplitude, reproducibility, left versus right eye accuracy, and reliability of recorded parameters of the flash electroretinogram (ERG). Adult C57BL/6 pigmented mice and albino Wistar rats were used to determine scotopic ERGs in response to Ganzfeld or strobe-light stimulation and light-adapted (photopic) ERGs recorded from both eyes at the same time. Test-retest data were used for statistical analyses to compare a monopolar gold-wire contact lens electrode (CLE), a cotton-wick silver-silver chloride electrode (CSCE), a DTL fiber electrode (DTLE), and a circular stainless steel wire electrode (SSE). Corneas were evaluated for abrasion after ERG recordings using fluorescein staining and also for the time taken, ease of insertion, and re-insertions required for the different electrodes. Compared to CSCE, DTLE, and SSE, the ERG potentials recorded by CLE had significantly larger scotopic amplitudes and oscillatory potentials under strobe or Ganzfeld stimulation and for light-adapted ERG b-wave amplitudes in both mice and rats. In analyzing test-retest data of scotopic ERG a-wave and b-wave amplitudes, the intraclass correlation coefficient showed the best agreement for the CLE (range 0.61-0.94) compared to the SSE (0.13-0.77), DTLE (0.02-0.69), and CSCE (0.12-0.51). In mice and rats, logistic regression analyses revealed significant correlations for amplitudes of most scotopic ERG parameters between contralateral eyes obtained with CLE and for some ERG components recorded by SSE. When comparing ERG amplitudes for stimulation by strobe or Ganzfeld, the difference was least with the CLE compared to DTLE, CSCE, or SSE. The time taken to insert the four different electrodes was greatest for the CLE in both mice and rats. The extent of corneal abrasion resulting from electrode use in mice was largest for the SSE followed by the CLE. However, in rats there was almost no corneal damage after ERG recordings with the CLE. Because of the stability of eye contact, the CLE allows ERGs to be determined over a longer recording session. Recording of scotopic and photopic (light-adapted) ERGs in rodents with monopolar gold-wire contact lens electrodes provides greater amplitudes and higher reproducibility when compared to other commonly used corneal electrodes. These electrodes are significantly better overall than others that were evaluated and should be considered for a standard protocol to monitor retinal function in rodent eyes.
Introduction
Mice are good animal models for studying human disorders because of their short generation time and the large body of accumulated knowledge about the genetic map of the mouse (Davisson & Roderick, 1987) . Mouse strains with diseases of the retina and optic nerve have become important for providing relevant models for similar human diseases. Retinal function in mouse models of retinal degeneration and other factors that affect retinal function have been extensively studied and the scotopic electroretinogram (ERG) is a useful means to non-invasively assess retinal function in such mice (Fulton, Manning, Baker, Schukar, & Bailey, 1982; Davisson & Roderick, 1987; Heckenlively, Winston, & Roderick, 1989; Mizota, Hamasaki, & Atherton, 1991; Cibis, Fitzgerald, Harris, Rothberg, & Rupani, 1993; Peachey, Goto, Al-Ubaidi, & Naash, 1993; Smith & Hamasaki, 1994; Goto, Peachey, Ripps, & Naash, 1995; Pillers, Weleber, Woodward, Green, Chapman, & Ray, 1995; Naash, Peachey, Li, Gryczan, Goto, Blanks, Milam, & Ripps, 1996; Green, Kapousta-Bruneau, Hitchcock, & Keller, 1997; Ruether, van de Pol, Jaissle, Berger, Tornow, & Zrenner, 1997; Marti, Hafezi, Lansel, Hegi, Wenzel, Grimm, Niemeyer, & Reme, 1998; Pardue, McCall, LaVail, Gregg, & Peachey, 1998) . For example in the angle-closure glaucoma found in DBA/2 mice, we found that scotopic ERG recordings showed changes and demonstrated the progression of retinal damage (Bayer, Mittag, Cook, Brodie, & Podos, 1997) . Similarly in rats the ERG effects of retinal ischemia, light-induced retinal damage, and induced acute or chronic elevations of intraocular pressure have been investigated. ERGs recorded in all these experimental studies with a variety of electrodes and stimulus/recording protocols were used to quantify retinal dysfunction (Osborne, Larsen, & Barnett, 1995; Larsen & Osborne, 1996; Bayer et al., 1997; Ettaiche, Fillacier, Widmann, Heurteaux, & Lazdunski, 1998; Ranchon, Gorrand, Cluzel, Droy-Lefaix, & Doly, 1998; Roth, Li, Rosenbaum, Gupta, Goldstein, Maxwell, & Gidday, 1998; Shibuki, Katai, Kuroiwa, Kurokawa, Yodoi, & Yoshimura, 1998; Sugawara, Sieving, Iuvone, & Bush, 1998; Li & Roth, 1999; Lin & Roth, 1999) .
In order to develop a standardized ERG protocol for studying retinal function in rodents, a primary focus should be on the design of the electrode with the stimulus protocol a secondary consideration. The electrode types that were used in the above-referenced studies in rodents were: (1) a silver speculum (Fulton et al., 1982; Sugawara et al., 1998) , (2) a DTL microfiber electrode (Heckenlively et al., 1989; Cibis et al., 1993) , (3) a saline-soaked cotton-wick silver-silver chloride electrode (Mizota, Hamasaki, & Atherton, 1991; Smith & Hamasaki, 1994; Pillers et al., 1995; Green et al., 1997; Ettaiche et al., 1998; Marti et al., 1998; Ranchon et al., 1998) , (4) a circular stainless steel wire electrode (Peachey et al., 1993; Goto et al., 1995; Naash et al., 1996; Pardue, McCall, LaVail, Gregg, & Peachey, 1998) , (5) a platinum needle EEG electrode (Osborne et al., 1995; Larsen & Osborne, 1996; Roth et al., 1998; Li & Roth, 1999; Lin & Roth, 1999) , (6) a bipolar contact lens electrode with an embedded wire loop (Ruether et al., 1997; Shibuki et al., 1998) , and (7) a monopolar gold-wire contact lens electrode (Bayer et al., 1997) . Several of these electrodes were compared in a preliminary study (Bayer, Mittag, Cook, Brodie, Podos, & Maag, 2000) and, on the basis of our initial findings, the present study compares the most commonly used electrodes in more detail with respect to additional criteria and with the aim of proposing a standard for studying the ERG in rodent eyes. The criteria for comparing recording electrodes in the present study are: (a) time taken to insert the electrode, (b) stability of eye-contact to allow prolonged periods of recording, (c) risk of corneal abrasion, (d) minimal interference with ocular optics, (e) repeatability and (f) magnitude of recorded amplitudes including ERG sub-components such as oscillatory potentials. In none of the abovequoted studies were different electrodes compared for reliability/repeatability in recording ERGs from rodent eyes.
The second component in developing a standardized ERG protocol for rodents should be the stimulus protocol. The standards of the International Society for the Clinical Electrophysiology of Vision and the National Retinitis Pigmentosa Foundation Fighting Blindness (Marmor, Arden, Nilsson, & Zrenner, 1989) , indicate that Ganzfeld stimulation should be used for ERG evaluation in humans. This recommendation is because with focal flashes the area of retinal illumination is not uniform. The use of diffusers, such as a half ping-pong ball to obtain a uniform illumination is also less desirable since it is difficult to establish a standard level of illumination at the retina produced by such devices (Green et al., 1997) . In ERG studies in mice and rats, the stimulus devices used were the strobe flash (Fulton et al., 1982; Heckenlively et al., 1989; Mizota et al., 1991; Cibis et al., 1993; Smith & Hamasaki, 1994; Osborne et al., 1995; Larsen & Osborne, 1996; Bayer et al., 1997; Ettaiche et al., 1998; Roth et al., 1998; Shibuki et al., 1998; Li & Roth, 1999) or the Ganzfeld (Peachey et al., 1993; Goto et al., 1995; Pillers et al., 1995; Naash et al., 1996; Ruether et al., 1997; Lin & Pardue et al., 1998; Ranchon et al., 1998; Sugawara et al., 1998; . With one exception (Peachey et al., 1993) , all the above studies (Fulton et al., 1982; Heckenlively et al., 1989; Mizota et al., 1991; Cibis et al., 1993; Smith & Hamasaki, 1994; Goto et al., 1995; Pillers et al., 1995; Osborne et al., 1995; Larsen & Osborne, 1996; Naash et al., 1996; Bayer et al., 1997; Green et al., 1997; Ruether et al., 1997; Ettaiche et al., 1998; Marti et al., 1998; Pardue et al., 1998; Ranchon et al., 1998; Roth et al., 1998; Shibuki et al., 1998; Sugawara et al., 1998; Li & Roth, 1999; Lin & Roth, 1999) examined scotopic ERG responses to stimuli presented to dark-adapted mice and rats, where the ERG would be primarily rod-mediated. Since retinal degeneration may affect the cone photoreceptors as well (Yang, Robinson, Xiong, Yau, Birch, & Garbers, 1999) and photopic ERG changes were found in glaucoma patients (Vaegan, Graham, Goldberg, Buckland, & Hollows, 1995) , we also wanted to compare different electrodes and stimulus devices to determine the cone response (light-adapted cone-mediated ERG). Peachey et al. (1993) showed that the use of a rod-desensitizing adapting field appears to provide a convenient means to isolate the cone ERG in mice, as it does in humans (Lachapelle, 1987; Gouras & MacKay, 1989) .
In the present study, the three most commonly used electrodes in rodents were compared with a new electrode design, gold wire contact lens electrodes (Bayer et al., 1997 (Bayer et al., , 2000 . Comparisons were made to the silversilver chloride cotton-wick electrode, the stainless steel wire loop electrode with a circular corneal contact (Goto et al., 1995; Goto, 1996) and the DTL electrode. Additionally we wanted to determine which type of stimulus device (Ganzfeld or strobe) is the least variable for recording flash ERGs in normal rodents under scotopic and photopic conditions.
Methods

Animals
A group of seven normal adult C57BL/6 mice (6 months of age) and a group of seven adult female albino Wistar rats (5 months of age) were studied. The rodents were maintained in clear plastic cages, subjected to standard light cycles (12 h light/12 h dark) and were fed a standard rodent diet. This investigation adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and was approved by the Mount Sinai School of Medicine Animal Care and Utilization Committee.
Electroretinographic recordings
Electrodes
ERGs were recorded simultaneously from both eyes of anesthetized rodents using pairs of each of the following electrodes (diagrammed in Fig. 1 ):
The custom-made corneal contact lens electrode (CLE) (Bayer et al., 1997) with its internal face machined to fit the curvature of mouse eyes is shown in Fig. 1A . This monopolar electrode consists of a translucent plastic speculum (Plexiglas) with a flat external face and an embedded gold-wire loop on the internal face. The diameter of the wire loop was approximately 3 mm for the mouse eye. The contact lens and gold wire loop can be sized to match the cornea of the particular strain or age of rodent. The frame surrounding the contact lens spanned the outer eye to hold the lids apart. The electrode was coated with a solution of 1% methylcellulose before making contact with the cornea. In a recent study we compared some parameters of ERGs recorded in mouse and rat eyes using this electrode design in different sizes for mice and rats (Bayer et al., 2000) .
For this study in the rat, we used a modification of the above contact lens electrode where the speculum has a true contact-lens shape, i.e. curved on both the internal and external faces, and is of uniform thickness over the corneal contact area (Fig. 1B) . The diameter of the gold wire loop was adjusted to the position of the limbus, in this case 6 mm, and the larger frame of the contact lens spanned the outer eye to hold the lids apart. The electrode was coated with a solution of 1% methylcellulose before making contact with the cornea. (These contact lens electrodes (Bayer-Mittag electrode; BM-electrode) for mouse or rat eyes are available for research purposes on request from Phil Cook) A saline-soaked cotton-wick silver-silver chloride electrode (CSCE) attached for stability to a 2 ml syringe ( Fig. 1C) , which was placed near the vertex of the corneas of both eyes, looped over the lower lid margin and taped against the cheek. A circular stainless steel wire (0.75 mm diameter) electrode (SSE) with an approximately 2 mm diameter loop ( Fig. 1D ) contacting the anesthetized corneal surface through a layer of a solution of 1% methylcellulose, looped over the lower lid margin and taped to the malar region. A DTL electrode ( Fig. 1E ) (Dawson, Trick, & Litzkow, 1979 ) (DTLE) that was placed along the rim of the lower eyelid without the use of a coating agent, with the other end suspended by an alligator clamp. In all recordings, an indifferent silver-needle electrode was placed subcutaneously in the center of the scalp and the animal was grounded by a saline-soaked cotton-wick electrode placed in the mouth.
Stimulus and procedure (protocol)
Before ERG recordings, each animal was darkadapted for at least 12 h overnight following maintenance under the standard light/dark cycle in the institution's animal facility and then transported to the recording room in a light-tight box. Under dim red illumination, mice were anesthetized by intraperitoneal injections of 0.15 ml chloral hydrate (76 mg/ml). Rats were anesthetized with an intraperitoneal injection of 0.1-0.15 ml of a solution made by mixing 0.1 ml acepromazine maleate (10 mg/ml), 0.45 ml xylazine (20 mg/ml) and 0.45 ml ketamine (100 mg/ml). Rodents were immobilized with tape on a plastic plate. The corneas were anesthetized with 0.5% proparacaine drops (Alcaine, Alcon, Fort Worth, TX). Pupils were dilated with 1% tropicamide (Mydriacyl, Alcon, Fort Worth, TX). For each of the four electrode types, five replicate electrode insertions and ERG measurements were obtained for each of three light-exposure protocols on the seven mice, and similarly for the group of seven rats. ERG recordings were made over a period of 5 days at the same morning hours for each group of animals. For the first protocol study of each electrode type, a Grass model PS-22 photostimulator (Grass Instrument, Quincy, MA) was used to deliver white light flashes of approximately 10 ms (duration and intensity determined with a Spectra-Pritchard 1980A-PL integrating photometer). The flash lamp and diffusing screen was placed 15 cm from the rodent's eye. At the cornea, the equivalent irradiance of the unattenuated flash was 4.6× 10 5 cd/m 2 . The reference needle electrode was placed subcutaneously in the scalp midline and the ground was a saline-soaked cotton swab placed in the mouth. The same photostimulator illuminating a Ganzfeld globe from above was used for the next (second) protocol study of each electrode, with a maximum stimulus intensity of 3.9×10 5 cd/m 2 at the cornea. During these two study sessions, single-flash ERGs were recorded from each pair of rodent eyes using a − 1.0 log unit neutral density filter to attenuate the full intensity stimulus. For the last (third) protocol study of each electrode type, single-flash photopic responses were achieved by presenting the unattenuated flash stimulus in the Ganzfeld against a 1.60 log cd/m 2 adapting field after 12-14 h of dark adaptation. Rod activity was suppressed by the adapting illumination and flash. Responses were obtained 10 min after adapting field onset. The experimental data set for each of the four electrodes were collected on identical schedules of adaptation to dark and light as well as recording so that the mean responses are comparable. Responses were differentially amplified (1-1000 Hz), averaged and stored with the system interface unit from LKC Technologies (Gaithersburg, Maryland). Oscillatory potentials (OPs) were isolated from the recorded waveforms using a software program (LKC Technologies Advanced Analysis). For scotopic ERGs, the a-wave amplitudes were measured from the baseline to the peak of the negative potential (baseline to trough), whereas the b-wave amplitudes were measured from the trough of the a-wave to the peak of the positive potential. The implicit times of both a-and b-wave amplitudes were measured. The recordings obtained from these analyses were tabulated for each pair of rodent eyes. Power spectra were then calculated for each recording by Fourier analysis. OPs were identified with a second spectral peak in the frequency range from 100 to 200 Hz. The amplitudes of the initial four OP wavelets were calculated from the records. The amplitudes of the OPs were estimated by measuring the heights from the baseline drawn between the troughs of successive wavelets to their peaks following the procedure of Speros and Price (1981) . The sum of the first four OPs was used for statistical analysis. The single-flash photopic response (cone-mediated light-adapted ERG) was obtained by presenting the standard flash stimulus in the Ganzfeld against an adapting field after dark adaptation and consisted of a large b-wave that follows a small a-wave. The photopic b-wave amplitudes and implicit times were included in statistical analysis.
After each ERG session, the electrodes were removed and corneas were checked for corneal abrasion or punctuated corneal epithelium by slit-lamp biomicroscopy and staining with sodium fluorescein. The presence or absence of these corneal changes were noted, and each cornea was graded for lesions by a subjective numeric grading scheme similar to one used in humans (Aylward, McClellan, Thomas, & Billson, 1989) : absence of a corneal lesion= 0, 1 = lesions on less than 25% of corneal area, 2=lesions on more than 25% of the corneal area. The total score obtained after each type of electrode used was used for statistical analysis. In addition, the time to insert the electrodes was recorded. If electrodes became displaced requiring reinsertion, this was also noted.
Statistical analysis
All data files were imported into computer software programs (SAS 6.0, user's guide, SAS Institute, Cary, NC) for further statistical analysis. The quantitative input data came from a normal distribution. In order to compare the different electrodes and stimulus protocols to record the scotopic and photopic (lightadapted) flash ERG, the following statistical analysis was performed on ERG amplitudes and implicit times recorded after strobe stimulation, Ganzfeld stimulation and light-adapted Ganzfeld simulation. ERG amplitudes (microvolts) and implicit times (milliseconds) of seven randomly chosen eyes of the seven mice and seven rats (RANBIN function of SAS 6.0) obtained with the CLE were compared to the other three electrodes for the different stimulus protocols by means of the paired t-test. The same statistical analyses were applied to compare times of electrode insertion (seconds). The frequencies of corneal lesions (score) between different electrodes were compared by Wilcoxon matched pairs signed rank test procedure. To test the variability of replicate electrode insertion and ERG recording, the coefficients of variation for each type of electrode were calculated. In order to test the reliability of repeated replicate measurements obtained from a set of eyes, the intraclass correlation coefficient (ICC) was used (Bartko, 1966) . The ICC is the ratio obtained from the between-subject variance divided by the sum of the between-subject and withinsubject variances. The ICC is based upon the analysis of variance (ANOVA) and the estimation of the variance components. The ICC is defined numerically between 0 (no agreement) and 1 (exact agreement); its significance was tested by way of the usual analysis of variance (F-statistic). In addition, the correlation coefficient r was applied to estimate correlations between ERG recordings for contralateral eyes.
Results
Scotopic ERG tracings, OPs in response to
Ganzfeld stimulation, and light-adapted ERG tracings (cone-mediated) obtained from one representative rat eye using the four different electrodes for recording are shown in Fig. 2 . At the attenuated stimulus intensity, marked OPs became apparent in scotopic ERGs. The most prominent features of the ERG recordings when comparing the four ERG electrodes were relatively larger oscillatory potentials (center panel) and larger a-wave and b-wave amplitudes (left panel) using the contact lens electrode (A). Cone-mediated ERG b-wave amplitudes were also largest when recorded with the CLE (recording A in the right panel of Fig. 2) 
Magnitude of ERG amplitudes in mice
As shown in Table 1 and Fig. 3 , when comparing ERG components recorded by different electrodes in one randomly chosen eye of the seven mice, the scotopic ERG mean a-wave and b-wave amplitudes, mean sums of oscillatory potentials under strobe or Ganzfeld stimulation, and light-adapted ERG b-wave amplitudes were all larger when recorded with the contact lens electrode (CLE) than with the other three electrodes. These differences reached statistical significance (PB0.05) in 19 out of the 21 comparisons (Table 1 ). The two comparisons where the CLE showed no significant difference with another electrode were the mean light-adapted ERG b-wave amplitude recorded with the CSCE and the mean a-wave amplitude under Ganzfeld stimulation recorded with 
Magnitude of ERG amplitudes in rats
As shown in Table 1 and Fig. 3 , when comparing ERG components recorded by different electrodes in one randomly chosen eye of the seven rats, the scotopic ERG mean a-wave and b-wave amplitudes and mean sums of OPs (under strobe or Ganzfeld stimulation), and the cone-mediated light-adapted ERG mean bwave amplitudes were all larger when recorded with the CLE than with the other three electrodes. These differences reached statistical significance in 17 out of the 21 comparisons made. Comparisons where no significant differences between the CLE and other electrodes were found were the mean light-adapted ERG b-wave amplitude recorded with CSCE or with DTLE, the mean a-wave amplitude under Ganzfeld stimulation recorded with SSE, and the mean b-wave amplitude under strobe stimulation recorded with the SSE. As in mice, most ERG amplitudes recorded with SSE, DTLE and CSCE increased somewhat during Ganzfeld stimulation when compared to amplitudes recorded with strobe stimulation (Fig. 3) . However, most of these changes did not reach statistical significance. Only the increase under Ganzfeld stimulation of the mean sum of oscillatory potentials recorded by the CSCE and the mean a-wave amplitude recorded by the SSE were statistically significant (P B0.02).
Corneal changes
After each ERG session conducted with one electrode type, the corneas of the rats and mice were stained by fluorescein and examined by slit-lamp biomicroscopy. The frequencies of corneal changes (lesion score) between different electrodes were compared by the DTL electrode. Most scotopic ERG amplitudes recorded with SSE, DTLE and CSCE increased significantly (PB 0.02) when using Ganzfeld stimulation by comparison to strobe stimulation (Fig. 3) , but with the CLE no significant increase was found (Table 1) . Table 1 , most ERG amplitudes recorded with the CLE were significantly larger than those with the other electrodes. Wilcoxon matched pairs signed rank test procedure. As shown in Table 2 , the overall frequency of corneal damage was significantly larger (P B0.05) when ERGs were recorded with the SSE in rats or mice. For scotopic ERGs recorded in mice, the frequency of corneal damage was largest for CLE, and for rats it was greatest for the SSE followed by the DTLE. Corneas of all mice and rats were also checked seven days after the last ERG session and none showed any lesions at this time.
Variability and reliability of repeated ERG recordings
The variability of replicate recordings with each of the four electrode types is given in Table 3 . The coefficients of variation (CVs) were calculated on a percent basis. Reproducibility of the amplitude measurements for replicate ERGs was best for the CLE, with mean CVs ranging from 2.2 to 11.2% in mice and 2.4 to 10.6% in rats. The mean CV values found for the SSE were 4.2-28.5% (mice) and 5.5-24.8% (rats); for the CSCE, 3.2 -16.1% (mice) and 4.9-21.3% (rats); and for the DTLE, 2.4 -12.6% (mice) and 3.8-20.2% (rats). In order to test the reliability of repeated replicate ERG recordings between different eyes with each of the four types of electrodes, the ICC was used. As shown in Table 4 , the ICC of 11 of 12 ERG parameters recorded in rats with the CLE were statistically significant at the PB 0.05 level and nine of the 12 ICC values were \ 0.60. For the CSCE, these numbers were, respectively, six of 12 with no values \ 0.60; for the SSE, seven of 12 and two values \ 0.60; for the DTLE, seven of ten and one1 value \ 0.60. Recordings in mice gave a similar overall picture, with the CLE recordings showing the highest number of significant ICC values, which were also of greater magnitude than those obtained with the other electrodes.
Correlation of ERG recordings between contralateral eyes
ERG recordings of contralateral rodent eyes were correlated to reveal how well each of the four electrode types records simultaneous ERGs. The correlation coefficients for all ERG amplitudes recorded for the light-exposure protocols with each of the four electrodes are summarized in Table 5 . Most of the ERG components correlated best when recorded with the CLE (12 of 14 values for r 2 \ 0.5) followed by the SSE (nine of 14 values for r 2 \ 0.05) in both mice and rats. For ERGs recorded by CSCE and DTLE, most ERG sub-components did not correlate well between contralateral eyes. In Fig. 4 , the data sets for a-wave amplitude and for sum of OPs are shown as an example of the range of correlation coefficients found. Note, that the a-wave amplitude and the sum of OPs showed a significant correlation in ERGs recorded by the CLE in both mice and rats.
Insertion time of different electrodes
All electrodes could be inserted efficiently enough for proper recordings. Insertion time including securing the electrode connections with tape, ranged from about 10 to 15 s for CSCE, SSE, and DTLE to about 30 s for Table 3 Relative variability (CV) for different electrodes to record ERG parameters by replicate measurements Table 5 , most ERG amplitudes recorded with the CLE correlated significantly between contralateral eyes. CLE in rats and mice. The CLE required a significantly longer time to insert between the lids of the rodent eye. Reinsertion of dislodged electrodes was necessary to some extent for all electrodes. The CLE configuration was the most stable throughout a recording session with a mean of one reinsertion per three recordings in mice (score of 0.3), and one per five in rats (0.2), respectively. Small movements of the animal were tolerated without dislodging of the CLE. By contrast, SSE (score of 1.6 in mice; 1.0 in rats), DTLE (0.7; 0.9) and CSCE (0.6; 0.7) were less stable during movement of the animal and a larger number of reinsertions or re-contacting the cornea became necessary.
Discussion
The precision of ERG corneal contact lens electrodes has been well established in human eyes (Heckenlively & Arden, 1996) but not in rodents. Contact lens electrodes of various types have been used in only a few ERG studies in rodents (Hawlinka & Villiers, 1992; Findl, Hansen, & Fulton, 1995; Bayer et al., 1997; Ruether et al., 1997; Shibuki et al., 1998) , but were usually not compared to other electrodes.
Electrode insertion
Electrode insertion is of some concern in ERG recordings, especially under dim red light conditions. The time taken to insert the four different electrodes was longest for the CLE in both mice and rats, but due to its stability the CLE required reinsertion infrequently. The main reason for the longer time is that the CLE (and also the DTLE) is not always easy to locate between the eyelids, particularly because the palpebral fissure is narrow in rodents. The multi-fiber structure of the DTLE made it awkward to place along the rim of the lower eyelid. Although the SSE was the simplest to insert, it was repeatedly displaced by movements of the animal because of its slight contact with the cornea. The CSCE was relatively easy to insert and stable. However, its soft recording tip (saline-soaked cottonwick) often touched and established electrical contact with the eyelashes and eyelids. Similar problems with insertion of electrodes were reported by Eskowitz, Kriss, and Shawkat (1993) in humans when comparing six different electrodes to record flash ERGs.
Corneal changes
The present study indicates that transient corneal changes are common following the use of some ERG electrodes. The number of acute instances of corneal abrasion and/or punctate epithelial keratitis was evaluated for the four electrodes ( Table 2 ). The proportion of mice with transient damage to the corneal epithelium in at least one eye was largest for the SSE followed by the CLE. However, corneal abrasions were rare in rat eyes after use of the CLE.
Amplitude size
The electrode that records the largest amplitudes has the better likelihood of detecting small differences between a normal and a pathological retina only if the variability is smaller than that found with other electrodes. Studies of the flash ERG in humans have shown that contact lens electrodes record larger amplitudes with less variability than those recorded from other types of electrodes (Gjoetterberg, 1983; Eskowitz et al., 1993; Papakostopoulos, Barber, & Dean-Hart, 1993; Robins & Turner, 1988) . Similarly, we found that in rodents the CLE recorded significantly larger scotopic ERG a-wave and b-wave amplitudes than those recorded by the SSE, the CSCE and the DTLE (Fig. 2 , Table 1 ). In addition, the ERGs recorded with the CLE have much larger oscillatory potentials under scotopic conditions. Our findings agree with those of Robins and Turner (1988) in humans, who found that the contact lens electrodes gave the largest scotopic b-wave amplitudes and the smallest were obtained with DTL electrodes. It is likely that differences of the size of the recorded amplitudes are due to physical factors governing the amount of current flow through electrodes, such as the resistive and capacitative properties of materials from which they are made and are coated with, and the area of the recording surface (Geddes, 1972) . In particular, the large amplitudes recorded by the CLE might be due to the relatively posterior position and size of the gold wire loop, and its good corneal contact. In agreement with this, the DTLE, which records the smallest amplitudes, makes contact mainly with the conjunctiva and the lower part of the cornea.
The single-flash ERG response in rats subsequent to a rod-desensitizing adapting field is similar to that noted previously for the cone ERGs obtained from mouse eyes The photopic ERG responses recorded after dark adaptation against an adapting background illumination for both mice and rats in the current study gave the largest b-wave amplitudes with the CLE. In agreement with ERG responses in humans (Gouras, 1970) , Ganzfeld responses in rodents showed larger a-wave and b-wave amplitudes and more well defined peaks in scotopic ERGs than those recorded during strobe stimulation. Reliability of repeated recordings as well as correlation between contralateral eyes improved under Ganzfeld stimulation for all of the electrodes (Tables 3-5 ). The fact that the whole retina is stimulated uniformly tends to minimize the smearing effect that regional differences in stimulus intensity have on the ERG waveform. The improvement of ERG wave-forms was the least when ERGs were recorded by the CLE. This might be due to the translucent contact lens electrode acting as a diffuser, which approaches a 'Ganzfeld' condition even when strobe-stimulation is used.
Correlation between contralateral eyes and reproducibility of repeated measurements
Electrodes that produce the most reliable and reproducible ERG recordings in humans are the contact lens type of electrode (Coupland, 1996) . Similarly, analysis of test-retest data showed that the CLE recorded the most reproducible and reliable flash ERG a-wave and b-wave amplitudes and oscillatory potentials (Tables 3  and 4 ). Another important factor in electrode evaluation is to determine correlations between contralateral eyes in bilaterally recorded ERGs (Table 5 ). In some experimental situations, such as unilateral ocular ischemia, induced glaucoma or optic nerve crush, the ERG in the contralateral control eye needs be recorded at the same time to quantitate retinal pathophysiologic differences. In the current study, contralateral ERG recordings correlated best with the CLE. Stodtmeister and Wilmanns (1978) have proposed that a degree of variability in ERG response may be a consequence of different coating agent used by various investigators. Fluids such as artificial tears, methylcellulose and/or topical anesthetics are required when most ERG electrode types are used. The DTL electrode requires no additional fluids, therefore avoiding this problem, whereas the CSCE is soaked with saline and the CLE and SSE require a viscosity agent such as methylcellulose. Inconsistency of the conductive medium may account for reduced test-retest variability because the amount of coating agent can vary especially if reinsertion becomes necessary. Although not done in the present experiments, the design of the CLE used in rats (Fig. 1) allows ERG recording to be done with a standard measured amount of coating agent added to the convex face of the lens before insertion, or even without any coating agent.
The general conclusion of this study is that the contact-lens gold-wire loop electrode gives the best overall performance for recording ERG in rodent eyes. It has as a minor drawback that under dim red light it takes somewhat longer to properly insert the electrode. The comparative study reported here provides a basis for optimal electrode selection and establishment of a standard protocol for ERG recordings in rodents.
